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DISCUSSION OF BOUNDARY-LAYER CHARACTERISTICS NEAR THE WALL 


OF AN AXIAL-FLOW COMPRESSOR ! 


By Artur Mager, Jons J. МАнохЕҮ, and Ray E. BuprxaER 


SUMMARY 


The boundary-layer velocity profiles in the tip region of an 
atial_flow compressor downstream of the guide vanes and 
downstream of the rotor were measured by use of total-pressure 
and claw-type yaw probes. These velocities were resolved 
into two components: one along the streamline of the flow 
autside the boundary layer, and the other perpendicular to it. 
The affinity among all profiles was thus demonstrated with the 
boundary-layer thickness and the deflection of the boundary 
layer at the wall as the generalizing parameters. By use of 
these results and the momentum-integral equations, boundary- 
layer characteristics on the walle of an axial-flow compressor 
were qualitatively ecaluated. 

The important parameters concerning the secondary flow 
in the boundary layer are shown to be the turning of the flow 
and the product of the curvature of the streamline outside the 
boundary layer and the boundary-layer thickneas. 

Finite tip clearance is shown to affect the secondary flow 
primarily at high weight fowe and high speeds. 

The losses near the tip of the rotor blades and near the hub 
af the stator blades are traced fo the predominantly tangential 
direction of the flow in the boundary layer. It is demonstrated 
that at large turnings the flow does not necessarily part with the 
xurface when a separated axial-velocity profile із present. 

The preliminary considerations show that many of the 
phenomena observed in axial-flow compressors (such as rela- 
tirely large losses in the rotor stages near the casing tip, in 
xpite of actual energy addition to the boundary layer} are 
explainable when three-dimensional boundary-layer flow on 
the walls of the compressor is considered. 


INTRODUCTION 


A large percentage of the losses through an axial-flow 
compressor are concentrated in the regions immediately 
adjacent to the walls of the annulus (references 1 to 3). 
The origin of these losses has been traced by various in- 
vestigators to: | 

(a) Skin-friction losses on the walls 

(b) Secondary flows resulting in vortieity being shed from 
the blades 

(c) Radial displacement of the boundary layer over the 
blade surfaces 

(d) Tip-clearance effects 

It has also been noted that the decrease of axial velocity 
next to the annulus walls, which accompanies these losses, 


forces the stators and rotors to operate at angles of attack — — 


higher than design values; low lift-drag ratios thus result. 
These effects, when considered separately, are known to 
increase the losses in axial compressors; however, the 
relative magnitude and significance of each effect has not 
been precisely determined. Some attempts to separate the 


various losses were made (see reference 4) and a system which . 
accounted for these losses in an arbitrary manner was. 


established (reference 1). It was next necessary to examine 
the process through which these losses take place simultane- 
ously, so that steps could be taken toward their reduction. 
Skin-friction losses failed to account for the variation in the 
magnitude of the losses from stage to stage, when the 
boundary layer on the walls was treated similarly to an 
entrance section of a pipe, although the over-all boundary- 


layer growth was approximately equivalent (reference 3). — 


Similarly, it became apparent that the tip-clearance effects 
alone could not be the chief mechanism for these losses 
since the losses persisted even for compressors with very 
small tip clearances. The large loss areas were then thought 
to be primarily due to secondary flows and the centrifugation 
of the boundary layer. 

A quantitative investigation of secondary flows was first 
attempted, largely because of the existence of analytical 
methods based on the image system of vortices (for example, 
reference 5). Although the methods gave fairly good 


qualitative answers, certain effects predicted in relation to . 


flow direction behind cascades were exactly opposite from 
those actually measured. The explanation of this phenom- 


п a 


enon is usually given in terms of large induced velocities (for — 


example, reference 6), which could actually be observed, but 
since the method of reference 6 required а priori the existence 


of rolled-up trailing vortices (so that the induced velocities - 
could be created), some doubt about its validity remained. - 


In addition, since the magnitude of the centrifugal effects on. 
the boundary layer over the blades was unknown, and since 
these effects theoretically must exist, further question on the 
validity of the secondary flow approach arose. 


It became apparent, however, that, at least in compressors 


designed for little or no radial flow, the effects of centrifuga- 


tion must be small. The radial deflection of the boundary - 


layer in the absence of radial flow outside the boundary layer 
was shown (reference 7) to depend on the ratio of the com- 
ponent of the rotational velocity perpendicular to the blade 


surface to the local velocity along the streamline and outside | 


tSupersedes NACA RM ESIH07, “Discussion of Boundary-Layer Characteristics Near the Casing ofan Axial-Flew Compressor" by Artur Mager, John J; Mahoney, and Ray E.Budinger, 


1951. 


149 


550 


the boundary layer. Accordingly, the effects can be ex- 
pected to be of the same order of magnitude on the pressure 
surface as on the suction surface of the blade. Oil and dirt 
patterns on the casing of axial-flow compressors have been 
used to indicate the direction of the boundary-layer flow. 
In all compressors investigated, these patterns have shown 
strong deflections on the suction surface and practically no 
deflection on the pressure surface. For the most part, 
therefore, the observed boundary-layer deflections must be 
due to forces other than the centrifugal forces on the blade. 
Appreciable centrifugal force may exist in some cases, but 
the process through which the observed boundary-layer 
deflections take place must depend principally on effects 
other than centrifugation of the boundary layer. Similar 
conclusions were reached by Carter (reference 6) on the basis 
of experiments and by Fogarty (reference 8) on the’ basis of 
actual computations of laminar boundary-layer flow over a 
rotatiug, slender, infinite blade. 


Recently, it was shown by Squire and Winter (reference 9). 


and Hawthorne (reference 10) that, in the case of thick 
boundary layers with turning, & redistribution of vorticity 
takes place, such that the ratio of the component of vorticity 
in the direction of flow to. the initial vorticity is directly 
proportional to the turning. A mechanism for secondary 
flows was thereby provided that was independent of the 
existence of rolled-up trailing vortices. The indication was 
then that the losses may occur because of secondary flows, 
which in turn occur because of the redistribution of vorticity 
due to turning. 

A logical step was next to investigate three-dimensional 
boundary-layer characteristics on the walls of the compressor. 
This study was facilitated by the flow equations presented 
in reference 7. In order to apply these equations the 
velocity profiles in the boundary layer must be known. 
Velocity profiles near the tip of a single-stage axial-flow 


compressor were measured at the NACA Lewis laboratory | 


by use of total-pressure and yaw probes. The results of this 
investigation, together with an interpretation of boundary- 
layer characteristics on axial compressor walls, carried out 
in 1950-51 are reported herein. 

Because of the great complexity of the problem and 
mechanical difficulties, the information obtained herein 18 
not detailed enough to permit even an approximate com- 
putation of boundary-layer characteristics on the walls of 
the whole compressor. Furthermore, since these results are 
preliminary and of a piloting nature only, certain simplifica- 
tions had to be made, both in the analysis.of boundary-layer 
flow and in the interpretation of the data. The following 
assumptions were therefore made: The flow was considered 
incompressible, with a zero velocity gradient normal to the 
surface at the outer extremities of the boundary layer; the 
pressure probes were assumed. іо read the correct mean 
values, not only of turbulent fluctuations but also of the 
variation due to blade rotation; and the concept of boundary- 
layer thickness was interpreted as the region where frictional 
effects were noticeable. Such regions may be quite thick 
and reach well into the passage. l 

The information obtained is still largely qualitative, 
although some quantitative results appear to be of the right 
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order of magnitude. The main purpose of this report is, 
however, to show that many of the hitherto unexplained 
phenomena appear to fall into a logical and well-defined 
pattern when the problem is examined with regard to three- 
dimensional boundary-layer flow оп the walls. Thus, 
although the picture of flow obtained by this analysis is not 
accurate in all details (such a picture is still somewhat 
difficult to grasp), the model scems to be good enough to 
warrant a considerably more extensive study. In addition, 
the investigation discloses certain design parameters, the 
importance of which has previously been overlooked. 


APPARATUS 


Experimental data for this report were obtained from 
boundary-layer investigations: on a 30-inch-tip-diameter 
axial-flow compressor stage, which consisted of 40 circular- 
arc constant-thickness guide vanes and 29 constant-chord 
NACA 65-(12)10 rotor blades (reference 11). The guide 
vanes imparted a wheel-type rotation, and the rotor imposed 
а. vortex-type rotation on the air. А cross-sectional view of 
the compressor and inlet bellmouth is shown in figure 1, 
which also shows the location of the measuring instruments. 
For part of the investigation, a }s-inch spoiler consisting of a 
circular ring (fig. 1) was installed К inch upstream of the 
leading edge of the inlet guide vanes. The stationary 
clearance between the rotor-blade tips and the compressor 
casing was 0.030 inch. 


| INSTRUMENTATION 


Compressor speed, weight flow, and inlet conditions were 
measured as described in reference 11. Boundary-layer con- 
ditions near the tip were investigated at one circumferential 
position and axially at stations T, IT, and III (fig. 1). 

Station I was located approximately 4 rotor-chord length | 
upstream of the leading edge of the rotor-blade tips. Тһе 
one cireumferential position &t this station was chosen to 
deviate least from the mean flow values over three passages. 


Air 
Flow => 


""Insirument 
circumferent tof 
position 
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П Ш. 


FIGURE 1.—Cross-sectional view of compressor showing Instrument locations. 
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FIGURE 2.—Instruments, 


In order to obtain this mean, total-pressure and angle read- 


ings outside the boundary layer were averaged arithmetically. 
Total pressures were obtained with a survey probe of the 
type shown m figure 2 (а). А clgw-type yaw tube (fig. 2 (b)) 
was used for flow-angle measurements and a wedge-type 
static probe (fig. 2 (c)) completed the instrumentation at 
this station. 

The survey instruments at station II (approximately X 
chord length downstream of the rotor) were similar to those 
at station I, except for the addition of five thermocouple 
rakes (fig. 2 (d). A temperature gradient across the free- 
stream passage was determined from the rake readings and 
extrapolated to the casing in order to determine velocities 
in the boundary layer at the tip. 

At station ПІ (14 chord lengths downstream of the rotor 
blades), the instrumentation was similar to that used at 
station II. 

All instruments were calibrated in a steady: -flow tunnel 
as described in reference 11. On the basis of this calibra- 
tion, the accuracy of measurements is estimated as follows: 
static pressure, +2.0 percent of dynamic head; total pres- 
sure, +1.0 percent of dynamic head; and air angle, +1°. 
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Attention is called to the fact that estimates of accuracy 
based on the calibration in a steady-flow tunnel are not 
strictly applicable to the present investigation and are in- 
cluded only as an indication of the quality of the instruments. 
It may be mentioned, however, that the readings obtained 
were easily reproducible and it was presumed that, because 
of the small size of the instruments as compared with the 
pitch of the blading and the diameter of the compressor, 
the readings were not appreciably affected by circumferential 
gradients or the curvature of the wall. 


OPERATIONAL AND ANALYTICAL PROCEDURE 


Boundary-layer investigations near the tip were conducted 
at the design rotor speed of 840 feet per second over a range 
of weight flows from the upper limit (reference 11) to a 


flow at which stall occurred across most of the blade from И _ 


the tip to the mean radius. 

Initial tests were made with no spoiler, and the entire 
procedure was repeated with the l&-inch spoiler installed. 
Additional surveys were made at 60 percent of design speed. 
In this report, however, the presentation of data is limited 
to the velocity profiles corresponding to the following three 
weight flows only: the weight flow &t which the maximum 


efficiency (of the whole compressor) occurs, and the highest —— 


and lowest weight flows for any speed. The exact values of 


the important parameters and the symbols designating each — — 


survev are shown in table I. 


The extent of the boundary layer has been determined by - 7 
plotting the measured angle and velocity against the radial - | 


position. Outside the boundary layer, the variation was 
small and almost linear. Near the tip, however, pronounced 
changes could be observed, usually with especially clear 


demarkation in the character of the changes in directional |. 
readings. Consequently, in order to establish the boundary- 


layer thickness 5, the flow angle was plotted against the 
radial distance from the easing y; the boundary-lay er thick- 


ness was determined from this plot (fig. 3) at the value of y 
where the slope of the flow-angle curve starts increasing at. — 


a different rate. 
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The value of the measured angle at the position closest to 
the casing was considered always indicative of boundary- 
_ layer deflections there, although the velocities at this posi- 
tion were usually not zero. The readings of the velocity at 
the casing were disregarded and all curves were drawn as 
culminating at the zero value. 


VELOCITY PROFILES IN TIP REGION OF COMPRESSOR 


General explanation of coordinate system and parameters 
employed, —The momentum-integral equations developed 
in reference 7 (see also appendix A, equations (A1) and (A2)) 
are applicable to three- dimensional boundary-layer flow over 
rotating or stationary surfaces. One.of the main assumptions 
in the derivation of these equations was that in the boundary 
layer the velocity component in the direction perpendicular 
to the wall is of the order of magnitude of 6 and may thus be 
neglected when compared with terms of order of magnitude 
of one. А direct result of this assumption is that the change 
in pressure through the boundary layer is small (of the 
order of magnitude of 6) and can also be neglected. In order 
to check this assumption, static-pressure measurements 
were taken at all three stations. Since the greatest variation 
observed (at station IT and low weight flows) amounted to 
3 percent of the value measured at the wall, neglecting the 
pressure change through the boundary layer appears to be 
valid. Consequently, if the flow conditions outside the 
boundary layer are known and if the shape of the velocity 
distribution in the direction perpendicular to the wall 
(through the boundary layer) is described approximately as 
some function of y/5, these equations may be integrated to 
give & measure of the inomentum lost in the boundary layer 
and of the flow direction near the wall. 

Inasmuch as one aim of this investigation was to provide 
a basis for the prescription of the boundary-layer velocity 
distribution so that it. could be used in the momentum- 
integral equations, the measured velocity profiles reported 
herein are resolved into components according to the theory 
of reference 7. This theory is developed for a set of orthog- 
onal curvilinear coordinates z, y, z with the restriction that 
y be perpendicular to the wall over which the flow takes 
place and z be in the direction of the streamline outside the 
boundary layer. The corresponding velocities (always 
relative to the wall) are u, v, w. 

For the particular case of the boundary-layer ase over the 
casing (see fig. 4), the z-axis is therefore laid out along the 
streamline of the absolute flow and the positive direction of 
the y-axis is toward the hub. The positive direction of the 
z-axis must be chosen so as to keep the system right-handed. 
Since the system does not rotate, all components of w are 
Zero. 

It should be noted that in a right-handed system the 
angles in the 2z-plane are positive from z to z. 

If the boundary-layer flow in the hub region of a com- 
pressor were considered and the hub were forming one con- 
tinuous surface rotating with the blades, the system would 
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FIGURE 4.—Coordinate system used in analysis of boundary-layer velocity profiles. 


have to be applied in a slightly different manner. The 
z-axis would have to be matched to the relative streamline . 
and the positive direction of the y-axis would then be toward 
the tip. Because this system would be rotating (with posi- 
tive rotation determined by the right-hand rule), the com- 
ponenta of о would generally be different from zero. 

By use of these coordinates, therefore, the velocity profiles 
at various measuring stations will be described by G and g, 
functions of y/é only (all symbols are defined in appendix B): 


u—UG (3) 
n | 0 -—eug (2) 


where e—tan а, and о is the boundary-layer deflection angle 
measured from the direetion of the resultant skin-friction 
stress to the direction of flow outside the boundary layer. 
This angle was assumed to be correctly represented by the 
difference in value of the flow angle as measured at the posi- 
tion closest to the casing and at y=ô. 

It is thus seen that the additional degree of freedom existing 
in three-dimensional boundary layers over the two dimen- 
sional is generalized by the use of a new parameter, boundary- 
leyer deflection at the wall. Physically, this parameter is 
connected with the magnitude and sign of the velocity wand 
is thus а direct measure of the secondary flow in boundary 
layers. Furthermore, since the velocity v (in the direction 
perpendicular to the wall) is neglected, the parameter e also 
represents the limit, at the wall, of the ratio of vorticity in the 
direction of the streamline to that perpendicular to the 
streamline. (See appendix A.) It can thus be used as a 
basis for comparison with somewhat different considerations 
of the same flow by Hawthorne (reference 10) and Squire and 
Winter (reference 9). 


and 
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FIGURE 5.—Velocity profiles downstream of guide vanes. (See table I for explanation of 
data ponts.) 


In the actual solution for these parameters, additional 
quantities describing the shape of G and g are convenient to 
use. "These quantities H, K, J, and L are so related to б 
and g that they permit expression of all significant momentum 
and displacement thicknesses in terms of one, the momentum 
thickness in the direction of the streamline. The numerical 
values of these quantities may be obtained by integration 
of proper products of (1-б), G, and g (reference 7). The 
physical significance of these quantities is given by: 


Velocity profiles downstream of guide vanes.— The veloc- 
ity profiles downstream of the guide vanes are plotted non- 
dimensionally against y/5 in figure 5 (a). It can be seen in 
this figure that, ‘regardless of the weight flow, the boundary- 
layer thickness, the value of e, or the speed of rotation, all 
the experimental points fall fairly well on a'single set of 
curves. More detailed plots of the functions G and g shown 
in figures 5 (b) and 5 (c) indicate that G=(y/8)¥" and 
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g—(1—y/5)* with n~9 and m=2. The larger scatter of 
points in figure 5 (c) at small values of (1— y/5) is undoubtedly 
due to the fact that for a fixed error in a yaw tube reading, 
the accuracy with which g can be determined decreases as 


y—6, since the direction of the flow in the boundary layer Е 


approaches tbat in the free stream. 
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FIGURE 6.—Velocity profiles br ооа rotor нш ID. (See table I for explanation 
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| presencé of the rotating blades. 
‘assumed to be given correctly by fixed pressure probes 
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For n=9 and m=2, the integrations necessary for the 
determination of H, К, J, and Г may be performed analyti- 
cally (reference 7) to yield 


=1.22 

| J=0.556 
K=3.35 
L=1.52 


It is thus seen that for the cases investigated the profiles 
downstream of the guide vanes on the wall of an axial-flow 
compréssor are very similar to those obtained in an ordinary 
curved duct (as shown in reference 9).and are practically 
unaffected by the rotation of the roter blades. - 
` Velocity profiles downstream of rotor.—The discussion 
and interpretation of the measurements downstream of the 
rotor blades are somewhat more complicated than m the 
guide vanes. This complication arises because the velocity 
in the boundary layer is considered relative to the casing, 
which is fixed, while the rotor blades exercise their effect on 
the flow through rotation. In order to avoid the diffieulties 
connected with an unsteady flow, which could only be prop- 
erly measured by means of instruments having an instan- 


‘taneous response, a concept of a mean-force flow is introduced 


into this discussion. This imaginary flow is that correspond- 
ing to a system of infinitely thin blades with zero pitch and 
whose mean lines are such as to represent the action of the 
rotor and thus to affect the magnitude and direction of the 


‘mean absolute velocities outside the boundary layer. No 


instantaneous variations corresponding to individual blade 
movement exist in this concept. As a result of friction on 
the walls, this mean-force flow can be thought of as forming 
a boundary layer which is analogous to that formed in guide 
vanes gr any curved passage. llowever, the velocity pro- 
files of this boundary layer may be affected by both the varia- 
tions in the mean-force flow along the streamline outside the 
boundary layer and the disturbances caused by the actual 
These velocity profiles are 


downstream of the rotor. 
The measured velocity profiles immediately downstream 
of the rotor (station II) are shown in figures 6. (a) to 6 (e). 


` А study of these figures reveals that although the u-velocity 


profiles appear to be quite similar (except at small values of 
y/?), the w-velocity profiles show definite changes in form. 
These changes in form appear to be concentrated at low 
values of y/ó for the runs with the spoiler (fig. 6 (d)) but 
extend over the whole boundary layer for the runs without 
the spoiler (fig. 6 (b)). Moreover, when the speed is de- 
creased to 60 percent of design value (fig. 6 (e)), the differ- 
ences between the profiles practically disappear. 

The velocity profiles were assumed to be affected both by 


" the changes in the mean-force flow and by the disturbances 


due to the presence of rotating blades; the pro blem of separat- 
ing the effects therefore arises in an analysis of the measured 
profiles. 
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Such separation of the effects is obtained at the reduced 
speeds, when the disturbances tend to die out more rapidly 
because of low velocities. Thus the profiles obtained at 
60 percent design speed may be considered as more nearly 
corresponding to those of the mean-force flow without addi- 
tional effects due to the actual presence of the blades. Plots 
of these profiles on logarithmic coordinates (figs. 7 (a) snd 


т (b)) show that, as in guide vanes, the function G is fairly. 


closely represented by (y/8)", and the function g varies as 
(1-y/8)* for n=19 and m=2. The significant increase in 
the value of n as compared with data obtained downstream 
of the guide vanes indicates that the action of the mean- 
force flow is such as to add energy to the boundary layer іп 
its passage through the rotor. This phenomenon is similar 
to the changes occurring in & two-dimensional boundary- 
layer profle when the flow outside the boundary layer is 
accelerating. It should be realized, then, that the mean- 
force profile is considered to account for the possible varia- 
tion in rotor-blade profile and its effect on the energy addition 
by adjustment of the value of n. In other words, the value 
of n measured in this compressor may be quite different from 
that measured in another compressor. 

According to the preceding discussion, all deviations from 
G—(y/6)"* and g—(1-y/85)* are considered to be caused by 
the disturbances originating from the actual physical pres- 
ence of the rotating blades. Plots of G and g (figs. 7 (с) 
and 7 (d)) for the runs with the spoiler (when the initial 
boundary-layer thickness is large) indicate that, regardless 
of the weight flow, this deviation appears to be concentrated 
roughly within the half of the boundary leyer immediately 
adjacent to the casing. Similar plots (figs. 7 (e) to 7 (h)) 
for runs without the spoiler (when the initial boundary- 
laver thiekness is small) show that, although the effect for 
corresponding weight flows is similar, i£ appears to extend 
(especially in the case of g) over the whole boundary layer. 
Since the presence of the spoiler indicates a smaller value 
of the ratio of tip clearance to initial boundary-layer thick- 
ness than for the runs without the spoiler and since when this 
ratio is smaller the deviations from the mean-force profile 
appear to be concentrated closer to the casing, the difference 
between the runs with and without the spoiler points to the 
tip clearance as the origin of the disturbances. This con- 
clusion is not surprising, since a leakage flow from the pres- 
sure surface to the suction surface of the blade must take 
place and also since the.tip suríace of the blade drags with 
it some fluid, tending to reduce the relative velocity to zero. 

If the mean-force velocity profile is assumed to be repre- 
sented correctly by G-(y/5)/* and g=(1-/8)™, the relative 
component of the tip-clearance fow may be obtained at any 
given values of y/6 and « by use of the velocity diagram. 
This component is shown in figure 8 (а) for the case of high 
weight flow. The (absolute) values of и and w in this 
diagram were obtained by setting n—19 and m=2 at 
y4/8=0.10, and using the measured values of e, U, and £ for this 
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run. The differences between the calculated and measured . 
values of u and w are represented by Au and Aw, respectively. 
The vectorial sum of u and w then represents the assumed 
mean-force flow in the boundary layer, while the vectorial 
sums u+Au and w-+Aw represent the actual flow in the 
boundary leyer. In order to obtain these velocities in the 
relative sense, the tip speed is subtracted (vectorially) from — 
the velocity U. This subtraction gives the relative direction 
of u, А similar subtraction is next made from the mean- 
force flow in the boundary layer. The resulting vector is 
resolved into two components: along the direction of relative 
U and perpendicular to it. These components are denoted 
by the subscript r and represent the relative values of и. 
and w. Finally, the tip speed is subtracted from the abso- - 
lute actual flow in the boundary layer. If a vector is now 
drawn from the relative mean-force flow to the relative actual 
flow, 'the magnitude and direction of the so postulated | 
tip-clearance flow i is obtained, 

А similar breakdown at low weight flows when eis increased 
(as follows from the actual measurements and the equations of 





L 6 : А 
(l-y/d) in magnitude over that at high weight flow (fig. 8 (D)). The 
єз Comparison of function G with and without spoiler; low weight flow; design speed. direction of the tip-clearance flow at low weight flow is also 


ch) Comparison of function g with and without spotler; low welght flow; design speed. more nearly perpendicular to the blade chord than at high - 


adeno fy gta MEE ne br gs a e а weight flow. It is thus indicated that the change in mag- 


reference 7) indicates that the tip-clearance flow has increased _ 
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nitude and direction of the tip-clearance flow occurs because 
of pressure difference between the two sides of the blade. 
This difference is larger at low weight flow because of higher 
angle of attack. 

The changes in shapes of functions G and g are thus seen 
to follow a logical behavior with weight-flow variations and 
the origin of these changes may be traced to tip-clearance 
flow. For compressor rotor blades in general, flows due to a 
finite tip clearance therefore have an adverse effect on the 
mean-force-flow boundary-layer profile; they cause a decrease 
of the u-velocity component and an increase of the w-velocity 
component. The decrease in the u-velocity component is 
more pronounced at the low weight flows, while the increase 
in the w-velocity component is more apparent at the high 
weight flows. 

In view of the preceding discussion, the profile-form 
parameters H, J, К, and L might be expected to change 
with speed, weight flow, and the ratio of boundary-layer 
thickness to tip clearance. A plot showing the values of 
these parameters (fig. 9) shows that, although H remains 
almost constant, J, К, and L show large variations with 
weight flow. The trend of the changes in J, K, and Z with 
weight flow is similar for the runs with or without the spoiler. 
At 60 percont of design speed, the values of these parameters 
` may be expected to change considerably less than at the 
design speed, as the plotted values show. 

In order to obtain a further check on the validity of the 
conclusions concerning the changes in shapes (due to the tip 
clearance) of the functions @ and g, an additional set of 
measurements was obtained at station III, 13 chord lengths 
downstream of the rotor. If the changes from G—(y/65)!/" 
and g—(1—9/5)" were caused primarily by the tip-clearance 
flow, the effect of these disturbances should diminish down- 
stream of the rotor and the profiles should be characterized 
by G—(y/5)!" and g=(1—y/6)™. "This effect is shown to be 
true regardless of weight flow or inlet boundary-layer condi- 
"tion (figs. 10 (а) and 10 (b)). Figures 10 (a) and 10 (b) 
indicate that a plausible value of n at station.IIl is approx- 
mately 19 and that the value of m varies between 1.03 and 
2.14, with most points falling on the m —1.7 curve. 

Itis thus seen that the characteristics of the flow at sta- 
tion III appear to confirm the previously made observations of 
the origin of the changes in boundary-layer profiles in passage 
through the rotor. 


GENERAL REMARKS ON BOUNDARY-LAYER 
CHARACTERISTICS IN AXIAL-FLOW COMPRESSORS 


The previously discussed velocity distributions have indi- 
cated the magnitude and changes of functions @ and g 
describing the boundary-layer profile. This information 
may now be utilized to obtain a very general idea about the 
boundary-layer characteristics in axial-flow compressors. 
Although the information obtained is not detailed enough to 
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FIGURE 9.— Form factors H, К, J, апа L downstream of rotor (station 11). 


allow an accurate computation of boundary-layer growth, it 
should permit a somewhat more significant evaluation of 
important parameters and trends than hitherto obtained. 
Flow near tip in region of guide vanes.—Because the 
velocity profiles measured downstream of the guide vanes 
ere similar to those obtained in an ordinary curved duct, the 
boundary-layer equations of reference 7 should be directly 
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FIGURE £0.~Functions G and g at station IH. (See table I for explanation of data points.) 


applicable when the magnitude and direction of the absolute 
velocity outside the boundary layer are known. The pro- 
cedure would be first to compute e (the deflection at the wall) 
and then in turn to use these values of e to obtain 0—6, R^, 
the generalized boundary-layer momentum thickness. In 
the computation for Ө, however, an empirical constant is 
necessary which could not be evaluated from the measure- 
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(23) Boundary-layer deflection angle at wall for constant turning. 
FIGCRE 11.—Approrimate solution for boundary-layer deflection. U cos 8-U,:B,-0. ' 


ments obtained; therefore, only speculation as to the actual — 


growth of Ө will be attempted. 


In order to obtain a general idea of the important trends, - 


two approximate computations of e are carried out by use of 
simplifying assumptions. First, the curvature and velocity 
along the streamline outside the boundary layer are assumed 
constant (case A, appendix A). These assumptions are very 
similar to those of references 9 and 10. 


In addition, H and (1 +7) аге assumed to be approx- É 


imately 1.0 in order to facilitate the integration. For these 


conditions it is shown in appendix A that the equation for e 
reduces to: 


; E code __ 94: 
ее asle ionn t y 


. The Squire and Winter (reference 9) and Hawthorne 
` (reference 10) solution in terms of the initial vorticity is 
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Although the two expressions are not exactly comparable, 
it is apparent that, in general, the effect of viscosity (which 
was neglected in references 9 and 10) as given by the approxi- 
mate solution of the turbulent-boundary-layer equations is to 
change only the constent in the dependence of vorticity on 
turning. 

A somewhat more significant approximate solution can be 
obtained with slightly different initial assumptions. If the 
velocity along the streamline is permitted to vary so as to 
satisfy the equation of continuity U,=U cos B, and if ¢ and 
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(b) Boundary-layer deflection angle at E E constant turning. (Detail for сө> —0.01.) 


FIGURE 11.—Concluded. Approximate solution for boundary-layer deflection. 
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Ө are assumed to have some mean constant values (the flow 
is along а circular arc), the equations reduce to the following 
form for I1—1.0 (see case В, es À): 


| » [1+0 jp tan B a) 
—27764l 0. 60171} o0 
cQ 0.0171 


The solution of this equation in terms of а is shown in 
figures 11 (a) and 11 (b) and the maximum values of æ for 
any given turning are shown in figure 11 (c). 

. It should be noted that e as given by equation (1) repre- 
sents an odd function, which means that a change in sign of 
c and В corresponds to a change іп sign of e. Physically, this 
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means that the boundary-layer deflection at the wall will be 
always such as to increase the curvature of the particle path 
in the boundary layer over that in the free stream. Because 
of the approximations made in reference 7 in obtaining the 
solution of the boundary-layer equations, it is doubtful 
whether the results given in figure 11 apply for values of о 
larger than approximately 45°. 

For the guide vanes used in this investigation, the meas- 
ured turning was approximately 27°. The straight-line 
distance (chordwise) in which this turning was accomplished 
is estimated at 4.3 inches. The expression for curvature of a 
circular arc in terms of В and chord when 8,—0 is 


ELO 


~ chord — 


When the previously given values are substituted into this 
expression, c=— 0.108 inch™. For a rough approximation 
of the mean value of 6, one-third the measured value at the 
high-weight-flow condition can be taken. For the run with- 
dut the spoiler, then, сӨ= —0.0029; and with the spoiler, 
e0-—0.0099. For these values of cO and turning, the 
boundary-layer deflections are 7.5? and 22.2°, respectively 
(see fig. 11 (b)). The measured values may be obtained from 
table I; they are 6.8? and 16°, respectively. Although the 
results obtained from the approximate solution do not agree 
accurately with the measured values, they are of the right 
order of magnitude. 

It can thus bestated on the basis of figures 11 (8) and 11 (b) 
that boundary-layer deflection on the bounding walls in 
guide vanes (and any other similar configuration, for example, 
two-dimensional, stationary cascades) is primarily dependent 
un two paramenters: the actual turning 8, and the product of 
the generalized boundary-layer thickness 6 and the curvature 
of the streamline outside the boundary layer e. 

For the range of cO in which guide vanes and cascades 
usually operate, the dependence of о on cO is practically linear 
and the turning acts to determine the slope of the curves. 

For сӨ values larger than those usually encountered in 
guide vanes or cascades, a certain value of cO exists at which 
the boundary-layer deflection is maximum (see fig. 11 (c)); 
beyond that value of c0, the boundary -layer deflection de- 
ereases with further inérease in cO (see fig. 11 (a)). This 
deerease is more pronounced for small values of turning. - 

With respect to guide-vane design and cascade testing, 
these figures indicate that an increase in aspect ratio by 
deerease of chord alone, because of the increased curvature, 
may actually result in increased secondary flows in the 
boundary layer. The increase in curvature must, of course, 
be large enough to offset a possible reduction in boundary- 
layer thickness due to a reduced length. 

Experimental evidence of this phenomenon may be found 
in figure 12, which is reproduced from reference 12. In this 
figure the ordinate represents the ratio of dynamic pressures 
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across the cascade and can be construed as indicative of the 


ratio of the area blocked by secondary flow to the free area. 
In addition, the aspect ratio 2.0 cascade differed from the 
aspect ratio 1.0 cascade only in chord, whiletheaspectratio 4.0 
cascade differed from that of aspect ratio 1.0 only in span. 


А decrease in chord is seen to result in an increase in the — 


ratio of the areas, while the increase in span results in a 
decrease in the ratio of areas (fig. 12). Furthermore, the dif- 
ferences between the aspect ratio 2.0 and aspect ratio 1.0 
cascades appear to increase somewhat with turning. 

The growth of boundary-layer thickness has not yet been 
considered. Inasmuch as the empirical constant necessary 
in the computation of O could not be evaluated, it was 


impossible to compute the growth of Ө with any degree of © 


accuracy. It сап be pointed out, however, that reference 7 
shows, in general, an increase of Ө with є. On the other 
hand, the difficulty with which e is introduced into thé equa- 
tions precludes any speculation as to whether a decrease in 
curvature of the streamlines will decrease the generalized 
boundary -layer momentum thickness. In fact, for any 
given turning the decreased curvature of the streamlines 


might conceivably result in an increase in Ө because of the __ 


increase in flow-path length. 

The problem of the secondary flow m the boundary layer on 
the bounding walls of the guide vànes or cascades has been 
treated in & somewhat general manner. 
pieture of the streamlines through the configuration (fig. 13) 


shows that the streamlines nearest the pressure surface for - 
conventional compressor blades are generally almost straight 


and that those near the suction surface have the greatest 
curvature. 
pends on curvature and is such, in most cases, as to increase 
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FIGURE 12.— Dynamic pressure ratio as 


measured in various tunnel configurations tested. 
(Fig. 12 of о 12.) 
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the curvature of the particle path in the boundary layer 
over that in the free stream, a rough qualitative speculation 
may be made on the direction of the flow in the boundary 
laver, once the streamline paths are known. Close to the 
pressure surface the boundary layer should show little 
deflection from the direction of the streamlines., On the 
other hand, close to the suction surface the boundary-layer 
deflection should be largest &nd should be directed toward 
the actual blade surface. Because of the presence of the 
blade surface, the velocity perpendicular to this surface 
must vanish; that is, 0w/Oz must be such that w—0 along 
any path adjacent to the blade surface. 

Thus, whether the outer or inner wall is considered (fig. 13), 
Ow/Oz«0 next to the suction surface and dw/O0z>0 next to 
the pressure surface. 

Inasmuch as the continuity equation must also be satis- 
fied (reference 7): 


and since Ou/Oz is generally quite small m boundary-layer 
flows, with 20—20 at the wall, Ov/Oy must be large (of the same 
order of magnitude as O0w/dz). These considerations imply 
that the flow moves over the suction surface toward the 
midspan of the blade and over the pressure surface toward 
the walls. The order of magnitude of òw/òz is expected to 
be larger near the suction surface than near the pressure 
surface, because of the shape of the streamlines outside the 
boundary layer; larger radial flows of this type should there- 
fore occur in the boundary layer at the suction surface. As 
a result of this change in direction and the friction acting 
over both the wall and the blade surface, a large accumulation 
of low-energy air may be expected in the corners between the 
suction surface and bounding walls. No such accumulation 
will occur near the pressure surface, because even if any large 
deflections were present close to this surface (as might happen 
in highly cambered blades), this deflection would, in general, 
be away from the blade surface. Much experimental 
evidence of these phenomena is available (for cxample, 
references 5 and 12). | 

Because of small curvature of the streamlines near the 
pressure surface and because of the physical presence of the 
wall on the suction,side of the passage, the deflections near 
both surfaces will be small (fig. 13). The largest boundary- 
layer flow-angle deflections may therefore be expected in the 
midregion of the passage, and these will be so oriented as to 
eause How toward the suction surface. 

Inasmuch as the losses should be at a minimum for any 
given turning, the preceding diseussion and figure 11 indicate 
that, from the standpoint of secondary flows in the boundary 
layer, the product of streamline curvature and generalized 
boundary-layer momentum thickness must be kept low. 
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FIGURE 13.—Picture of flow and coordinate systems In guide тапса and cascades іп boundary 
layor near wall. 


High values of cO may perhaps be permissible only at very 
low turning without excessive increase of secondary boundary- 
layer flows.. 

In general, design practiee 1s to keep the curvature as high 
as possible so as to reduce the axial length; inasmuch as a 


` decrease in curvature may even result in an increase of 


boundary-layer thickness, the most promising way of re- 
ducing the secondary losses is apparenily the reduction of 
boundary-layer thickness through positive means such as 
suction. | 

Flow near tip in region of rotor.—A discussion of the 
boundary-layer flow over that part of the easing which covers 
the rotor blades cannot be reduced to such simple parameters 
as those employed for the region near the guide vanes, even 
though the previously introduced concept of mean-force flow 
is utilized. Large changes in form parameters are caused by 
tip-clearance effects, which are altered by speed, weight 
flow, and the ratio of boundary-layer thickness to tip clear- 
ance. .Furthermore, in the flow through the rotor it is un- 
certain that the curvature of the mean-force flow streamline 
retains its sign. For these reasons, only very qualitative 
conclusions are drawn herein. . 

The changes in profile parameters, G and g were attributed 
to tip-clearance effects. These changes (at constant speed) 
were such as to increase the w-velocity profile at high weight 
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Hows and to decrease the u-velocity profile at low weight 
flows. An increase in w-velocity usually signifies an increase 
in the secondary flows, which, for this case (as will be dis- 
cussed later), means an increase in loss. The effect of tip 


clearance on efficiency should therefore be most pronounced - 


at high weight flows. Inasmuch as the mean-force profile 
was shown to be practically unaffected by tip-clearance dis- 
turbances at low speeds, the effect of tip clearance on effi- 
ciency should, in general, decrease with deerease in speed. 
The eurves presented in figure 14, which were reproduced 
from reference 4, support these conclusions. 

If the relative magnitude of the form factors (which are 
important in the determination of the deflection e) is con- 
sidered (see fig. 9), it becomes immediately apparent that 

—J>0 for all cases investigated. According to the equa- 


tions for e given in reference 7, therefore, e will generally be 


of opposite sign from the curvature, when w=0 (which is 
true on a nonrotating wall). Thus, the deflection of the 
particle paths in the boundary layer is always such as to 
increase its eurvature over that of the mean-force flow stream- 
line. If, however, the curvature of the mean-force flow 
streamline changes sign, the deflection e, which is obtained 
by a process of integration, will first decrease to zero some- 
what further downstream and later reverse sign as well. 
The main purpose of the guide vanes for conventional 
subsonic compressors is to prerotate the flow, so as to prevent 
compressibility effects near the tip of the first stage. Asa 
consequence of this prerotation and the turning given to the 
streamlines by the rotor blades (see fig. 15), the mean-force 
How streamline downstream of the rotor is curved a con- 
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FIGURE 14.— E Rect of radial clearance on compressor shaft efficlency. (Fig. 4 of reference 4.) 
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siderable amount away from the axial direction. In view 
of the discussion of e, which is measured toward the direction 


of the streamline, not only will e be large (because of large 


turning and curvature), but also the actual direction of the 
flow in the boundary layer near the wall will be aimost 


tangential. Furthermore, because of the changes in shape © 


of the function g due to tip-clearance effects, the already 


large w-velocity (caused by large e) will be even more ~~ 


The flow in the boundary layer near the rotor 
Because of the 


magnified. 
tips must therefore be largely tangential. 


deficiency of the axial velocity, the work done on the fluid - 


in these regions cannot be utilized. That the work is 
actually done on the boundary-layer flow near the rotor 
tip is evidenced by the increase in the values of n. Some of 
the energy added is utilized to improve the u-velocity profile, 


some of it is absorbed to create the secondary motion, and 


the rest serves to heat up the flow and the compressor. 
In any event, because of the axial velocity deficiency, little 
of the energy added ever appears as useful work. Conse- 


quently, the change in the direction of the flow in the bound-. | 


ary layer, near the rotor tips, away from axial results in a loss. 
It should be noted that this loss is not caused by & separation 
from the wall in the conventional sense where the gradient 
(normal to the wall) of the velocity in the boundary layer is 
zero or negative at the wall. The flow in the boundary 


layer merely changes direction so that the exial-velocity | 


„кыы. 


— — 


profile is separated, but the u- and w-velocity profiles show _ 


no separation whatsoever. 
the condition for an axial-velocity separation is «—/2-[- B, 
regardless of the shape of the u-velocity profile. In fig- 
ure 16 (a) the axial- and tangential-velocity profiles are shown 
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FIGURE 15.—Path of streamlines in compressor. 


It is shown in appendix C that - 


streamline B (small — 
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for G—(y/8)?, g=(1—y/6)?, В= —60?, and a=30°. "This is 
the ease for which the gradient (perpendicular to the wall) 
of the axial velocity is zero at the wall. When o is further 
increased to 40? (fig. 16 (b)), а definite reversal of axial 
velocity near the wall may be noted. Similar observations 
about the three-dimensional boundary-layer flow are made 
in reference 13, where it is noted that a separated chord- 
wise profile does not necessarily mark the beginning of the 
turbulent wake for a yawed wing. 

When the curvature of the streamlines outside the bound- 
ary layer changes sign, as is usually the case in the next 
stator row, the value of e drops (and possibly also reverses 
sign) and causes an improvement in the axial-velocity pro- 
file. A similar decrease in the value of « can be seen from 
measurements taken at station III, where the value of 8 
has decreased (in the &bsolute sense) from that at station II 
because of the convergence of the passage. As may be 
ascertained from table I, the value of e parallels the trend 
of 8. 

From this discussion, it is possible to construct the picture 
of boundary-layer flow near the tip through an axial-flow 
compressor. The direction of the streamline outside the 
boundary layer oscillates about the direction of the mean 
absolute velocity and successively assumes the values of the 
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FIGURE 16.—Arial- and tangential-velocity profiles. Gm (y/0)!/t; gm (1— y/8)13; Ва —60^. 


absolute inlet and absolute exit velocities. The deflection 
e oscillates about the direction of the oscillating streamline 
in such a way that large flows in the tangential direction are 
caused in each rotor row, but an improvement in the axial- 
velocity profiles is caused in the stator rows. 

The large tangential flows in the rotor rows are caused 
primarily by the fact that the absolute turning in the rotors 
is toward the tangential direction and also by the tip- 
clearance effects and the initial prerotation due to the guide 
vanes, which impart high absolute inlet air angles. 

For secondary boundary-layer flow on the walls, both the 
magnitude of the absolute turning and the direction of the 
mean absolute velocity have been shown to be important 
parameters. In addition, it appears from the equations of 
reference 7 that the boundary-layer thickness plays а role 
similar to that in the flow through the guide vanes. The 
exact nature of the variations in O may not as yet be ascer- 
tained, but it is conceivable that the value of O may remain 
surprisingly small even after, quite a few compressor stages, 
because of the oscillation of « and the energy addition in the 
rotors. Locally, however, the boundary-layer thickness may 


Increase in some blade rows and decrease in others. 


When the velocity w is considered in the relative sense in 
the rotor row (see fig. 8), it becomes apparent that this 
velocity is directed from the suction side of one blade to the 
pressure side of the adjacent blade. Furthermore, the rela- _ 
tive magnitude is somewhat smaller than the absolute inag- 
nitude. As a consequence of this fact and in conjunction 
with the tip clearance, tlie changes in e-velocity should not 


. be as pronounced as in the guide vane case; more important, 


the v-velocity should now be positive (directed toward the 

hub) on the pressure surface, but negative (directed toward 

the Ыр). on the suction surface. The traces of boundary- 
layer flow near the tip obtained in reference 14 show а very 

small deflection toward the hub on the pressure surface of 
the blades and no deflection on the suction surface. It 
should be noted here that all these considerations apply only 
in the absence of shrouding over the rotor blades. For 
shrouded blades, as in reference 2, the streamlines outside 
the boundary layer must be considered i in the relative sense. 


(because the shroud rotates with the blades); the results 


obtained are similar to those for the guide vanes. Near the 
tip & deflection would occur on the suction surface of the 
blade, and practically no deflection would occur on the pres- 
sure surface. These results agree with those of reference 2. 
Flow near hub (unshrouded stators).—Inasmuch as the 
velocity profiles on the hub were not measured, this discussion 
can point out only the basic similarities and differences аз 
they follow from the theory presented in reference 7. Be- 
cause boundary-layer velocities are always taken relativo to 
the surface over which the flow is passing, near the hub the 
whole coordinate system will rotate with the hub. Thus, tho 
components of w will not be zero. It has been shown (refer- 
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ence 7) for such cases that the change in pressure through 
the boundary layer is of the order of magnitude of the 
boundary-lgyer thickness. . For thick boundary layers, the 
pressure change may be considerable and neglect of the 
equation of motion in the y-direction may not be justified. 
Should actual measurements show that ignoring this equation 
15 justified, the streamlines outside the boundary layer 
(known usually as relative) must be considered (see fig. 15). 
These streamlines will curre away from the axial direction 
through the stators and toward the axial direction through 
the rotors; in the notation of figure 15, the curvature will be 
positive through the rotors and negative through the stators. 
In the notation of the same figure, w,——w sin y, where y is 
the angle of inclination of the surface (see бе. 15). Accord- 
ing to the equations for e, the effect of w, is to offset to some 
extent the negative curvature obtained in the stators. Large 
values of y should then be advantageous from & boundary- 
layer standpoint. On the other hand, the tip-clearance 
effects in the stators will be similar to those near the tips of 
the rotors. As a consequence, larger losses may, in general, 
be expected through the stators. 

The flow through the rotor row will resemble that previ- 
ously discussed through the static cascade: large flows 
toward the tip on the suction side and little change in direc- 
tion on the pressure side of the blade. Experimental evi- 
dence may again be found in traces of boundary-layer flow, 
as presented in references 2 and 14. 

In the problem of loss reduction, aside from positive con- 
trol of boundary-layer thickness Ө, it may be possible to 
achieve some success through the contro! of absolute turning 
and of absolute mean-velocity direction. .In later stages, 
where the compressibility effects are not great, changing the 
direction of the absolute mean velocity near the tip and the 
relative mean velocity near the hub toward axial may permit 
increased turning and reduce the secondary boundary-layer 
losses. From preliminary considerations, it appears that this 
end may be achieved by an increased turning near the blade 
roots (tip end of stators and hub end of rotors). An improve- 
ment should thereby be effected not only with respect to 
secondary flows in the boundary layer but also in strengthen- 
ing the blades. However, a more careful evaluation of other 
design variables should be made before any such changes are 
actually attempted. 


SUMMARY OF RESULTS 


The following results were obtained from experimentally 
obtained velocity profiles in the boundary layer on the walls 
of an axial-flow eompressor and from a qualitative analysis 
of the boundary-layer characteristics on the walls of the 
compressor: 

1. The profiles downstream of the guide vanes near the 
tip were very similar to those obtained in an ordinary curved 
duct and were practically unaffected by the rotation of the 
rotor blades. 


565 


2. The velocity profiles downstream of the rotor indicated 
that the rotor adds energy to the boundary layer. 

3. Flows due to a finite tip clearance for compressor rotor 
blades had an adverse effect on the boundary-layer profiles. 


The effects of tip-clearance flows on the secondary flow in © 
the boundary layer were most pronounced at high weight 


flows at high speeds. 


4. The secondary losses in guide vanes and cascades gener- . 


ally were concentrated near the suction surface of the blades. 
In other configurations, it is important to consider whether 
the surface over which the boundary layer is flowing rotates 
integrally with the blades. 


5. The losses near the tip of the rotor blades and near the 


hub of the stator blades occur because of the predominantly 
tangential direction of the boundary-layer flow near the 
walls. 

6. The preliminary considerations indicate that a large 
angle of inclination of the hub surface with respect to the 
axis of the compressor (large hub taper) is favorable from the 
standpoint of secondary boundary-layer flow on the hub. 


CONCLUSIONS 


The following conclusions can be drawn from the inves- 


tigation: 

1. The velocity profiles in the boundary layer show a 
definite affinity when resolved into components along the 
direction of the How outside the boundary layer and perpen- 
dicular to it. 
layer thickness and the limiting deflection at the wall. 

2. The importent parameters concerning the secondary 
flow in the boundary layers sre turning and сӨ, where c is 
the curvature of the streamline outside the boundary layer 


and Ө is the generalized momentum thickness of the wall © 


boundary layer. For the range of cO in which guide vanes 


The generalizing parameters аге the boundary- ` 


and cascades usually operate, the dependence of the second- ` 


ary flow on сӨ is practically linear, and turning acts to deter- 
mine the slope of the curves. 

3. Two types of separation may exist in a three-dimen- 
sional boundary layer. One is the conventional separation _ 
where all velocity components are separated, and the second 
is the directional separation where one velocity component 
is separated but the others are not. Because of the direc- 
tional separation, the axial-velocity profile on the compressor 
walls may be separated in spite of the fact that the flow has 
not parted with the surface. 

4. Although additional experimental data are necessary 
to improve and extend the analysis, many phenomena 
observed in compressors appear to be accounted for quali- 
tatively by the method of analysis presented herein. 
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APPENDIX A 
COMPUTATION OF ¢ FOR SPECIAL CASES 


The components of vorticity (reference 7) are: 


Em 
ке I+ez 55 Say (tezy | 


Because of the assumptions of order of magnitude, oe and 


2 are — in boundary-layer flows when compared 


Ww iths 9u and? =) respectively. 


thus ee n 


These expressions for vorticity 


But by definition, 


thus, 


The following equations from reference 7 are used to 


compute e: 
з (S9) 1 20 ос ч 01569 


5100, 912U (001255ү1] 1. Quy 
m 490: "EU ёт T Koa |7 jig omen zy 
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(A2) 
Substituting equation (А1) into equation (A2) gives 
дє 1 1 Нәр 
52-5 0.01285 (1+5) st | є== 
1 


This equation is solved for two special cases: 


Case A.—If ou =0, ¢=constant, and w,=0, equation (А3) 








reduces е, 
2< 0.01255 (1+5 vi gj) LITE. (A4) 
the "v. of which 1s: 
1+5. xf E(z)dz (A5) 
where 
E(z)—ezp Р 01255 (1+ к= к=) | ® "de (A6) 
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and the boundary condition is at z—0, e=0, and 0:20 
Thus, the constant in equation (À5) is zero. 

Equation (А1) is again used to evaluate equation (А6), 
oO n, Ы 
3; 0:01509 (AT) 
and 
: 4 1 
E(z)— Ez) 95 (1*z55) 

If it is now noted that Hez(14-4—7)e10 bu 
K—4J 22.8, LE (A5) becomes: 


2 cí* 
wigs |, edz (A8) 
and when equation р ) is substi tuted, 
m a Ө,/= ү 
C93 5 zz 0.01569 1! (apa) 


В 


Inasmuch as agr rm and, at z—0, 8„=0, by definition 


equation (A9a) may also be written 
8 5 Oz ) 
= ~ 7z — 
snm z5 Өх 1-0.01569 * | JP 


{ 
Case B.—]f e=constant, #,=0, and O=constant (mean 


value) but 17,17 ‘cos B, then equation (Аб) (which is not 
restricted to the limitations of case A) becomes: 


E(z)— Е) =exp (0.0 171 5) 
The autonal equation (À3) is now: 


(1--Hyc i н 
ec Ex oos mnm. Ez) cos" Вах 


This equation can be integrated in closed form if it is 
recalled that 77 =1.0 and 8 е2: 


(A9b) 


(A10) 


cQ 
_2 0.0171 t © 
J-K ca 0.0171 


0.01701 ^ eO 


The value of cO at which e is а maximum is found from 
equation (А11) by differentiation, and so forth, to be: 


(CO)emar— 0.0171 Q 





(A12) 
where 
Q=tan Bx tan! B--1 


The values of Ga can now also be found: 


720 /1+Q tan в 
J-K 


€mor— QF (A 13) 


APPENDIX B 


SYMBOLS 
The following symbols are used in this report: б 
C rotor chord 8. * 
с curvature of z-axis, d8/dz 
erp exponential, [ezp(z) =е] 


(1,9 functions describing boundary-layer velocity 5% 
profile з 

H,J,K,E quantities describing relations among various | e 
characteristic loss thicknesses in boundary | 
layer Ө 

m exponent in expression for g 

n reciprocal of exponent in expression for G 0, 

R Reynolds number based on fs, 6, U/ 

Re Reynolds number based on rotor chord, СТТ» 

u velocity outside boundary layer along streamline | 6, 
of potential flow (relative to wall over which 
flow takes place) 

‚2/0 time-averaged velocities in curvilinear coordinate | 6, 
system (relative to wall over which flow takes 
place) 

W weight flow y 

Wa weight flow at maximum efficiency Et 

I.E orthogonal curvilinear coordinate system with z 
along streamline of potential flow and у per- | т, 
pendicular to wall over which flow takes place | о 

а boundary-layer deflection angle measured from I, It, HI 
direction of resultant skin-friction stress to | Subscripts: 
direction of flow outside boundary layer s 

B angle between axial direction and tangent to mar 
x-axis (angle between axial direction and | o 
streamline outside boundary layer) r 

Y angle between tangent to hub surface and axis | ¢ 
of compressor y 

APPENDIX C 


boundary-layer thickness 
displacement thickness 


v 0—2 
displacement thickness in z-direction, 7; " AN wdy 


in z-direction, 


measure of boundary-layer deflection near wall, 
tan œ 

generalized DOUnIALy layer 
thickness, 6,R*/* 

momentum thickness in E T of fow in 

x-direction, E [Pu —u)udy 

momentum thickness in z-direction of flow in 


z-direction, ml w'dy 


momentum-loss 


momentum thickness in z-direction of fow in. — 


x-direction, її], 5 (U—wyedy 


kinematic viscosity u 
components of vorticity vector in z- and z- 

directions, respectively 
shear stress &t wall 


angular velocity 
measuring stations 


in axial direction 
maximum 

initial value 

relative to blade 

in tangential direction 
in y-direction 


CONDITIONS WHEN AXIAL-VELOCITY PROFILE BECOMES SEPARATED 


The expression for axial velocity 1s: 
ие cos B+w sin B 


In order to find the separation point it is necessary to 
investigate the conditions under which the axial velocity 
becomes tangential to the y-axis &t the surface: 


A | _ du 
dy уо dy үч 


But by definition 





cos ET Sm 8-0 


dw 
lim OY -—— a 
ro du 

dy 


thus 


du 


dy 





dus gU 
dy |. И (cos 8+ є sin 8)—0 


This equation is obviously satisfied, regardless of the value 
du 
of A ; when 
y |r-0 


a=5+8 


and the flow near the wall is tangential. 
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